A physical geographers' scope of practice is not defined by any regulatory or academic organization, so perception of the potential contribution of physical geography to sustainability research has been nebulous or informal, at best. In order to understand what physical geographers can do to enhance sustainability, this paper describes a systematic review of peer-reviewed research on sustainability published in three physical geography journals. The results show that physical geographers are active in sustainability research in terms of a spatial perspective, an understanding of human interactions with the environment, and an ability to recognize, interpret, and project environmental change and its impacts. The depth of this understanding is facilitated by a physical geographers' understanding of the natural world, process and system concepts, the ways that systems are linked and interact, and a willingness to deploy a wide range of methodologies to secure that knowledge. The expertise of physical geographers makes an important contribution to sustainability research and should be considered when multidisciplinary teams are assembled.
Introduction
There are many advantages to interdisciplinary, transdisciplinary, or multidisciplinary approaches to sustainability research [1] . However, separate and distinct academic disciplines also contribute to sustainability research, both in discrete projects and as part of multidisciplinary teams.
Assembling research teams is complex and requires an understanding of what the individual disciplines can contribute. In some cases this is fairly simple. Most project leaders have, or think they have, a good understanding of what geologists or biologists do, and if they do not, then environmental scientists, geologists, biologists, and other scientists have a scope of practice that is defined by learned societies and regulatory bodies. However, that is not the case with physical geographers, who form a large and important community, but are not represented by a single organization, nor regulatory body that spells out what exactly physical geographers do [2] . Insofar as The Stern Review posited that the physical geography of the planet is being altered by human activity [3] , then it is reasonable to ask the extent to which physical geographers investigate the causes, impacts, and mitigation of those changes and consequently contribute to research on environmental sustainability [4, 5] .
Although it is recognized that physical geography cannot and should not work in isolation from other disciplines [6] , physical geographers recognize the spatial and temporal complexities of the Earth in ways that sustainability science and Earth system science without physical geographers fail to consider [7, 8] . The role of physical geography in sustainability has been identified as the establishment of baselines, the monitoring of change, and broad contextualization [8] . However, is it? If so, what do these statements mean in practice?
If geography is what geographers do, then an examination of what physical geographers do with respect to sustainability may assist an understanding of the role that they play in sustainability research.
Results

A Spatial Perspective
The spatial perspective is important in geography and separates it from other disciplines [10, 11] . Aspects of the spatial perspective that are apparent in the literature reviewed here include investigations of the uniqueness of places, scale effects, and the use of remote sensing for spatial differentiation.
The Uniqueness of Places
Physical geographers know that landscapes are complex and that no single metric can adequately describe a landscape [12] . Everywhere is unique. Physical geographers do not just look for explanations of what is happening in the world, they recognize that explanations may be unique to a particular place. This means that approaches to sustainability may also be place-specific. Place-based approaches to the structure and dynamics of social-environmental systems in an ecosystem services paradigm have been recognized as potentially a key area where geography might make a distinctive contribution [13] . These authors emphasized the importance of different drivers of change in different places and their variable impact on ecological structures and functions. The need for fit-for-place design solutions to manage urban climates has been recognized [14] and geographers are not just concerned about global warming, they are concerned about the local effects of climate change, such as patterns of climate change across Wisconsin [15] .
Physical geographers have recognized that river channel response to climate change vary from region to region [16] and on a broader scale the interactions of riparian vegetation and fluvial processes is seen as different in the tropics when compared with temperate regions [17] . The geomorphic impacts of the clearance of woody debris and riparian vegetation have been documented to be different in the New and Old Worlds [18] .
On the basis that a recognition of local variations in precipitation can significantly impact reservoir placement and water resource management, a study of southeastern United States high-resolution radar precipitation estimates showed unique precipitation characteristics in different drainage basins, which is useful in distributed hydrologic models for water resources planning [19] . A GIS-based model, WetSpass, was used to estimate the water balance of a watershed in Ethiopia in order to determine sustainable levels of groundwater abstraction [20] . By using multiyear snowpack data from the Colarado Front Range and relating it to elevation, location, slope aspect, solar radiation, temperature, precipitation, and vegetation cover, it has also been possible to identify areas that are most vulnerable to climate change [21] .
Although places are unique, they are also geographically interconnected in terms of environmental flows. In this context, moisture sources and wind direction are factors in site selection for cloud-seeding [22] . The idea of landscape connectivity is also important in biogeography, referring to the ability of species to move from one area to another, which is an important consideration in biodiversity conservation [23] .
Geographic Scale
Geographers recognize that explanations of phenomena and criteria for sustainability are scale-dependent. In landscape ecology and ecological biogeography, for example, scale dependence manifests in terms of spatial resolution, geographic scale, and study area extent [24] . The importance of geographic scale, spatial resolution, extent of study area, and local variations is shown by research that conveys the value of plot size in the determination of optimal soil covers in order to reduce soil runoff and loss [25] . The ecosystem services concept has been seen as a way of linking together the ecosystems of Tanzania's Eastern Arc Mountains and their impact on human welfare at multiple scales [26] . This multiscale perspective is particularly important when different stakeholders have different interests [13] .
In some cases, it may simply be that relationships and explanations of phenomena apply best at a particular scale. One way that this has been investigated is by looking at the relationship between Moran's I (an index of spatial autocorrelation) and the size of the window used to compute it. A study of the spatial arrangement of urban vegetation and its impact on surface temperature, for example, showed that a spatial resolution of 200 m best showed vegetation-temperature relationships. It was demonstrated that clusters of trees at this scale reduced surface temperature more effectively than dispersed trees at the local scale [27] .
Use of Remote Sensing to Detect Spatial Differences
Physical geographers have long held a fascination with remote sensing, which has many applications in biogeography and related fields. Field-work is still very important in physical geography, but the focus is usually on one area. Remote sensing gives a spatial perspective. Remote sensing is used in landscape ecology to analyze spatial patterns and relate them to ecological processes [28] as well as to assess forest ecosystem health and sustainability [29] . Remote sensing-derived estimates of biodiversity based on productivity, disturbance, topography, and land cover have been proposed [30] along with studies of animal and plant invasions [31] and soil organic carbon [32] . Remote sensing can be used to assess ecosystem services using a broad range of measured or modeled groups of variables, such as plant functional traits, soil characteristics, biogeochemical cycling, and water availability [33] .
Remote sensing has extended the range of field surveys in the Canadian boreal forest, with the collection of data on seasonal greenness, wetlands, terrain ruggedness, and seasonality defined by spring snow cover, annual minimum cover, autumn snow cover, and annual productivity. The use of these variables has enabled the authors to identify clusters that could be explained in terms of latitudinal variation [34] . Moreover, the monitoring of pioneer vegetation by remote sensing has been assisted by spectrometric measurements in the laboratory [35] .
Anthropogenic Impacts
Although physical geographers have traditionally focused on the natural world, anthropogenic impacts on the landscape is a major theme in contemporary physical geography [2] . Interaction between humans and the landscape is argued to go beyond traditional cause-and-effect investigations and is evolving into studies that investigate the interactions and feedbacks between people and landscapes [36] . There are many studies of the human-landscape system [36] in the literature, with many focused on urban environments, agriculture, impacts on biodiversity, and changes in land cover and land use.
Urban Environments
Urban environments are becoming a focus of attention for physical geographers, particularly with regard to urban hydrology and climates. It has been argued that the amount of paving is a good proxy measure for the human footprint on the environment [37] . However, a study shows that urban paving is not always as impermeable as commonly assumed. Infiltration changes over time as surfaces degrade and are renewed and this variability that is associated with the age of the paved surface may be important in urban hydrology models, especially those with a high spatial resolution. This is important, as there has been a recent move away from trying to remove surface water as quickly and efficiently as possible [38] . An ecohydrological approach to urban stormwater management has been proposed as a means of mitigating a flood hazard, improving water quality, and providing enhanced social amenity [39] . Hydrographs may also be influenced by urban development and climate change, although the combined effects may either be amplified or ameliorated, depending on local circumstances [40] .
Physical geographers are also interested in urban climates. Urban heat islands that are caused by the radiative properties of construction materials, reduced evaporative cooling, and aerodynamic changes are detrimental to sustainability in terms of their impacts on human health and the provision of water and energy resources. Physical geographers have shown interest in the potential mitigation of urban climate effects by appropriate urban design and planning in different environments [27, 41] .
Urban climates also have a broader climate context in terms of the urban carbon flux and its impact on the global carbon cycle [41] .
The need for appropriate urban sites has also drawn interest in China, where rapid industrialization has stimulated urbanization and created urban sprawl around existing centers. However, new planned cities are also being constructed. In order to determine the optimal physical location of urbanization in a part of China, a GIS-based back-propagation (BP) neural network model was used to evaluate data on the geomorphology, slope, soil, and groundwater conditions and anticipated geologic hazards in order to identify an optimal location for urbanization [42] .
Agriculture
Modern agriculture is widely believed to be detrimental to the landscape, an assertion that is supported by evidence that pre-Columbian land use did not produce the high levels of soil erosion and floodplain sedimentation that was associated with the European colonization of North America [43] . However, much of the work by physical geographers on agricultural impacts has been executed outside Europe and North America. The effectiveness of soil and water conservation systems in Ethiopia has been assessed [44, 45] . In China, there have been investigations of the impacts of several soil and water conservation schemes on the Loess Plateau [46] and research on the rehabilitation of degraded red soils [47] . Gully erosion in the Black Soil region of Northeast China has been largely due to human activity, and poses a threat to food security [48] . Soil erosion on the Loess Plateau of China was assessed by 137 Cs that was released into the environment as radioactive fall-out from mid-20th century nuclear tests. It has been shown that the amount of 137 Cs decreases with the amount of soil erosion. Investigations have shown that land use is one of the main controls on soil erosion, with an increase in soil erosion from mature forest to grass to young forest to orchard to agricultural terraces [49] .
The sustainability of wetlands in Zimbabwe used for cultivation has been assessed with a scoring system based on the extent, intensity, and magnitude of different types of land use. Fieldwork was used to determine the geomorphic setting, water source, pattern of water-flow through the wetland, soil texture, and wetness, and local farmers were interviewed. Land cover was mapped using satellite imagery and local climate and slope data were collected from public sources. The results showed that the cultivation techniques used disrupted wetland hydrology, and were therefore unsustainable [50] . In Iran, human impacts on soil erosion have been shown to not just depend on the type and level of human activity, but also on physico-chemical properties of the soil. By relating erosion to land use and geology, it was possible to map the erodibility of soils [51] .
Physical geography has also provided overviews of controversial genetically modified GMO crop technologies [52] . These authors documented yield increases due to improvements in weed and insect control, which have also carried over to adjacent conventional crops. The reduction in pesticide application has reduced groundwater pollution and carbon footprints. However, there is also some evidence of the growing tolerance of weeds and insects to GMO crop varieties.
Biodiversity
Biodiversity challenges in sustainability manifest themselves in terms of introductions, extinctions, and land-cover changes. Microbes have been studied as microbial pollution, with much of the research undertaken by physical geographers in response to government policy objectives in North America and Europe [53] . On a broader front, it is clear that the depletion and extinction of species is closely related to human activity, even when the species is not directly exploited by people. Although habitat loss and degradation has been less documented than over-exploitation, it is clear that land-cover change is an important stressor on biodiversity [54] . Agricultural intensification combined with climate change impacts land cover, which in turn impacts habitats, particularly for migratory species. In China, another investigation showed that large-scale land-use policy combined with climate change is having an impact on the overall vegetation [55] .
Novel approaches have been developed to monitor biodiversity, such as terrestrial laser scanning of lichen-covered surfaces, a process that allows for repeat surveys in order to determine the impacts of people on lichens in the Shenandoah National Park, Virginia. The long-term monitoring of rock outcrops in areas that are closed to hikers and climbers can then be compared with climbing routes and hiking trails to determine the advisability of opening or closing public access in areas of the park [56] . Human impacts on middle and late Holocene vegetation on the Qinghai-Tibetan Plateau have been assessed based on pollen analysis of lake sediment core and archaeological evidence [57] .
A feasibility study of multifunctional artificial reefs for small islands is an example of a proactive approach to conservation [58] .
Land Cover, Land-Use Change, and Other Impacts
Other human impacts on sustainability include a wide range of miscellaneous effects. Landsat imagery was used to assess land-cover change from 1990 to 2015 in a national park in Bhutan in order to help forest ecosystem management [59] . Similarly, the impacts of forest clearance and subsequent sequences of land-use change have impacted the lower parts of an urban catchment in New Zealand much more than the upper parts of the catchment. This is because urbanization impacts occurred primarily in the lower parts of the catchment and the cumulative effects of multiple disturbances in the upper part of the catchment are still being felt in the lower part of the catchment [60] .
The decomposition of a time series of declining karst spring discharge in China showed that, from 1957 to 1978, declines in stream-flow were due to climate change, but that since then the changes in discharge have been due to both climate change and human activity. With human activity, 34-52% of the declines were due to groundwater abstraction and 48-62% due to other activities, such as coal mining, deforestation, and dam construction [61] . In order to determine the level of human disturbance in karst systems, a GIS model was developed that assessed factors related to cave disturbance [62] .
The biogeomorphological impacts of constructing a canal across a desert wash were determined by field sedimentology and GIS change-detection applied to aerial photographs in order to assess riparian vegetation [63] . The impacts of light pollution, human-caused fire, and land-surface temperature change in protected areas can be measured by satellite remote sensing [64] . The various impacts of United Kingdom peatland management practices have been investigated and seen as being timely in terms of the European Union Water Framework Directive's implementation [65] . Using imagery and maps, it has been possible to show that sand and gravel mining in floodplains creates pits that impact river hydraulics during flood events and change the planform [66] .
Impacts on People
Physical geographers are not just interested in the ways that people impact the environment. The study also shows that physical geographers are interested in the impacts of the environment on people. The relationship between husbandry activities, grassland health, and commodity prices on the Inner Mongolian steppes, for example, has been investigated [67] . A variation of this approach looks at landscape services capability, in which flow and demand is a conception of sustainability that relates to the potential of a landscape to produce materials, energy, information, conditions, and effectiveness valued by people [68] . They have argued that this paradigm could potentially be used for landscape sustainability assessment.
Most studies of the impact of the natural environment on people is in the context of natural resources (particularly water resources) and natural hazards. Some of this work has focused on climate change, but there have been more studies of the ways that people respond to the challenges of their environment and how the environment reacts.
Water Resources
Changes in local water resources and consumption due to climate change and changing land use have been investigated in the Indianapolis area [69] and Phoenix, Arizona [70] . The impacts of climate change on snowpack distribution as a water resource in the Colorado Front Range has also been investigated [21] . Interestingly, a study of the relationship between weather and urban water consumption in Seoul, South Korea, showed an expected relationship between maximum daily temperature and water consumption, but also produced a surprising conclusion that wind speed is also an important control because of its impact on evaporative cooling [71] .
Natural Hazards
Physical geographers interested in sustainability have investigated coastal, landslide, and desertification hazards. The risks associated with living in coastal areas have been determined on the basis of sea-level rise, wave height, tidal range, shoreline evolution, elevation, geomorphology, and distance to an urban area [72] . Various strategies for the mitigation of debris flows in China, such as check dams, drainage channels, and the planting of vegetation, have been investigated [73] . In a review of landslide-risk reduction measures in the tropics, it was found that a lot of research focused on the biophysical factors that controlled landslides, with much less work on the quantitative assessment of landslide impacts. The point is made that the responsibilities of scientists include the need to effectively communicate their work to policymakers and to populations that may be impacted by landslides. This requires an understanding of social, political, cultural, and economic aspects [74] that are not always considered, except where work is multidisciplinary. Desertification hazards have been investigated by GIS modeling of desertification in Iran, for example, to create a zoning map that can be used for planning [75] .
Linkages between Systems
Physical geographers are not just interested in systems, they take a big picture view of the world, and seek to understand connections and interactions between systems. These include linkages between human and natural systems, some of which have already been described so far in this article.
Human-environment linkages are sometimes framed in the context of ecosystem services. Physical geographers can make a significant contribution to the research and policy questions posed by the notion of ecosystem services by helping to characterize the structure and dynamics of social-ecological systems [13] . As an example, a review of ecosystem services associated with urban water identifies the types of social, ecological, and physical science studies that need to be applied, as for instance to a restored urban river [76] .
The analysis of environmental flows is another approach that has been used in research on the sustainability of rivers [77] . In this case, it was suggested that there was a need to examine both biophysical and socioeconomic needs in order to identify appropriate flow. Environmental flows have been also used as a framework for the investigation of riparian-zone sustainability, with an examination of the connections between vegetation, geomorphology, and hydrology [17] . More broadly, a proposal to set sustainability standards based on economic and moral values is also a call for more research on ecosystem functions and processes on a broad front [78] .
Linkages between systems that do not significantly involve human activity are also investigated by physical geographers and have implications for sustainability. Physical geographers, for example, have extended ecological studies of upland swamps of the plateau areas of eastern Australia by an investigation of relationships between the geomorphology, sedimentology, and hydrology of the area, helping to understand the wetland response to precipitation [79] .
Another approach has been to look at linkages in the context of the critical zone of Earth's surface, which includes organisms, rock, soil, water, and air [80] . Disturbance of this critical zone forms a solid starting point for understanding the feedbacks that operate within this complex geomorphic-pedogenic-biotic system. Thus, there are biotic-geomorphic, biotic-pedogenic, pedogenic-geomorphic, and biotic-pedogenic-geomorphic feedback processes. High rates of soil erosion and degradation can sometimes be explained by the interaction of biophysical factors, such as soil properties, climatic characteristics, topography, and vegetation, without any need to reference anthropogenic processes [81] . The impacts of soil erosion on weed seedbanks, with consequent impacts on biodiversity, have also been discussed [82] .
Physical geographers are well-equipped to deal with these flows, system interactions, and feedbacks, an understanding of which is particularly important in the mitigation of climate change and the restoration of degraded or severely damaged ecosystems.
Environmental Change
A study of biodiversity and the extinction of common and widespread species has been argued to connect the past, present, and future [54] and past, current, and future climates have been the focus for much physical geographers' work on environmental change. The analysis of changes in the landscape at different spatial scales is complex and may require a wide range of techniques, including remote sensing, field mapping, historical analysis, and interviews with local stakeholders, as was performed in a study of changes in the Miombo woodland, Tanzania [83] . Physical geographers combine an understanding of processes, spatial variations, and time to produce a deep understanding of the cascades of processes, events, feedbacks, and consequences that defy simple cause-and-effects reasoning.
Current Change
Physical geographers are making important contributions to understanding the ways that climate change, along with other factors, impacts environment and resources. Physical geographers have been particularly adept at unraveling the complexities of some of these interactions. One study in China, for example, showed that the lower limits of sub-alpine forest are advancing faster than the upper treeline, resulting in a contraction of the forest. This was because age structure is important in the altitudinal response of trees to climate change [84] . In another example of the complexities of environmental change, an examination of the impacts of both climate and land-use change on hydrology found that total runoff was more susceptible to climate change than to land use, but that surface runoff was more susceptible to land-use change [85] . The complexity of these relationships is echoed in another study [86] , which showed that there is evidence of climate change controls on groundwater levels in the United Kingdom, but that water abstraction and land-cover changes also contribute to declines in groundwater levels. The complexity of environmental change attribution is also illustrated by investigations of rockfalls that threaten the sustainability of high-mountain infrastructure. Although there have been changes in surface ice and permafrost in the French Alps, in one case study it has been suggested that the construction of a rock refuge probably contributed to the problem [87] .
As indicated in previous sections, the detection of change over time with remote sensing archives has also been a focus of research in physical geography. The availability of multiple images over several decades requires not just a comparison of spectral values, but of changes in patterns, as suggested by trends in patch density, the number and size of patches, fractal dimension, edge density, mean proximity index, and interspersion/juxtaposition. This approach has been successfully undertaken in a study of mountain pine beetle impacts in British Columbia, Canada [88] .
Physical geographers have also been involved in studies of changing carbon budgets. The impacts of soil organic matter on carbon budgets and global climate change have been described [32] . Investigations of carbon sequestration in dead trees at the treeline potentially complicates understanding the impacts of poleward treeline migration on carbon sequestration [89] .
Past Change
As big-picture people, physical geographers are concerned with the both the spatial and temporal context for processes. From a Quaternary perspective, an examination of the last glacial-interglacial transition and the Little Ice Age is argued to provide evidence of the likely impacts on biodiversity, ecosystem services, agriculture, and water resources over coming decades, which is therefore relevant to sustainability [90] . The management of climate risk has been significantly aided by historical data rescue, climate reconstruction, and the compilation of climate databases [91] . Using dendrochronology, it has been possible to extend historical climate records in the northern Tibetan Plateau since 1780, which provided a long-term context for rapid recent increases in temperature in the region [92] .
Future Change
Future environmental change is clearly relevant to sustainability. Some studies of future change impacts are relatively straightforward, such as, for example, the possible effects of future climate change on the decay of building stones [93] or on river channel morphology [16] . However, complexities soon become apparent with respect to water resources, especially in places such as Las Vegas. By the use of hydrological modeling, population projection, land-use change modeling, and analysis of water management policies, it was possible to determine some water options for Las Vegas under various climate, population, land-use, and water management scenarios for 2050 [94] .
Process and System Concepts
The investigation of systems and processes in physical geography has long been a mainstay of the discipline. However, in sustainability applications, these processes have often been subsidiary. However, there are exceptions. In terms of systems, an understanding of the impacts of wild-land fire on erosion, flash floods, and debris flows is important for land management agencies and especially risk management [95] . Systems are often understood by physical geographers through models and different models of soil erodibility have been evaluated [96] .
Processes have also been examined. Trying to understand the importance of a keystone species, such as the cactus Carnegiea giganta, requires an understanding of reproductive processes. The cactus is long-lived and its reproduction depends on flowers and fruits on branches that can take a long time to develop. In extreme cases, the branching process does not commence until old-age and mortality is also an issue. Understanding the reproductive process and environmental controls on the development of branches enables an understanding of the vulnerability of the species [97] . Understanding processes is also important in understanding the decay of building stones [98] . Perhaps, most importantly, based on a knowledge of processes in physical geography, it is clear that some human impacts can be mitigated, e.g., by urban design that encourages and enables stormwater harvesting and reuse, together with temperature reduction by evapotranspiration from tree-planting [14] .
The Concept of a Natural World
The concept of a natural world is fundamental to the idea of sustainability insofar as, hypothetically at least, it provides a baseline for judgment of anthropogenic impacts. However, those types of baseline studies appear to be rarely executed as standalone projects by physical geographers. However, some research studies of the natural world justify the work in terms of potential sustainability applications. A study of wetlands in arid environments, for example, identified an understanding of the factors that produce wetlands, geomorphic, and sedimentary processes as critical for sustainable management [99] , and an assessment of the contribution of glacial meltwater runoff to total watershed discharge was undertaken in the context of climate change risk assessment and sustainable water management in glacierized watersheds [100] . Remote sensing of the ocean has been rationalized as critical for understanding and predicting climate change, energy exploration, and sustainable food harvesting and production [101] ; and the importance of spatial variability of precipitation in the lower Mississippi, for example, can be rationalized on the basis of agriculture in the region [102] . In general, much of the work on the natural world appears to be rationalized in terms of human utility of the environment rather than baseline monitoring.
Physical Geography as a Science
Most physical geography textbooks describe the scientific method as usually invoking some combination of inductive and deductive approaches [2] . However, traditional science is increasingly under attack for being out-of-touch with the world. The point has been made, for example, that most papers on landslide disaster risk reduction in the tropics are published in natural science rather than social science journals [74] . However, social scientists have reached out to physical geographers [103] and many physical geographers have responded, albeit in different ways.
In practice, it is clear that a considerable amount of work on sustainability by physical geographers relies on some combination of methods used in the physical sciences and those used in the social sciences. A study of the evolution of an urban catchment in New Zealand, for example, used fieldwork, sediment analysis, and historical documents, such as maps, settler notes, and anecdotal records [60] . This blend of methods is perhaps an inevitable consequence of the nature of sustainability as a human construct; and as one paper has put it in the context of ecosystem services, it is driven as much by political agendas as by scientific ones [103] .
At a more profound level, there has been interest in applications of critical theory to physical geography. One example is the documentation of the development of coyote-proof fencing in the early 20th century and its reinterpretation from a critical physical geography perspective. The author [104] concluded that the experiments undertaken at the time were put forward as serious science, but in reality the methodology was weak and the criteria for success were more economic than scientific. The author goes on to argue that critical physical geography reveals the economic, political, and institutional background behind the science. Critical physical geography is also used in ethnogeomorphology, which is an approach that questions the whole idea of landscapes as passive objects that need to be explained [105] . Ethnogeomorphology is seen as a way of connecting the human use of the environment with a landscape that incorporates multiple perspectives of place. From a sustainability perspective, such an approach allows for voices that would otherwise be marginalized to be incorporated into decision-making.
Critical theory has been advocated as an approach to the study of climate, where applied climatologists are criticized for appearing to avoid difficult questions about the relevance of their research to social structure [106] . The authors proceed to identify five themes that link the study of atmospheric process to social-environmental outcomes viz. climate change adaptation, commercialization of climate science, climate services for development, sustainable architecture, and atmospheric justice. They explored the traditional viewpoint of positivistic climate science applied to society, attempted to move beyond that position to recognize the values and bias behind traditional applied climatology, and move towards an approach based on the idea of applying atmospheric research to matters of real human concern.
Other social science approaches have also been used. Participatory action research is seen as a way of moving research forward by collaboration and the co-production of research [107] . In contrast to shallow participatory approaches, the authors encourage the use of a deep approach, where participants participate in the formulation of research questions and processes. Citing an example based on an investigation of farm slurry pollution conducted with the United Kingdom Rivers Trust, they were able to produce a map that showed the location of farms that were at a higher risk of producing slurry that might contaminate rivers. This was suggested by community members and was something that university-based researchers had not considered. Barriers certainly need to be overcome in research of this type. It has been argued that the Linnaean nomenclatural system creates unequal power relations inherent in the integration of local knowledge into scientific discourse [108] .
Different types of approaches have not been without their critics: for many, transdisciplinary research still appears to be on the edge of scientific respectability [76] . The economic valuation of ecosystems services has also been critiqued [109] . They argued that such an approach is inherently biased and that the commodification of ecosystem services will lead to environmental degradation.
In contrast to the criticisms of traditional scientific approaches, there has been a call for a scientific basis for decision-making for urban planning and land management for Hangzhou, and scientific support for improving urban living environments [42] . In addition, Chen et al. [46] advocated for a scientific and detailed land-use plan to improve soil and water conservation on the Loess Plateau in China. However, they too emphasized the importance of public participation and education in the implementation, if not the development, of such schemes.
Discussion
The approach used in this study has identified large amounts of sustainability-related research that has been undertaken by physical geographers. The fact that just three journals were searched represents a limitation of the study and as such it cannot claim to be a comprehensive survey of all work undertaken by physical geographers. The fact that all of the research was in English-language publications is also a limitation. However, the findings do point to a wide range of approaches and subjects of investigation used by physical geographers in research that is sustainability related.
All of the papers were identified as falling into one or more of the eight themes recognized in a previous study of textbook definitions of physical geography definitions. The analytical framework, therefore appears to be successful. Each of the eight themes of physical geography is represented in the analysis, and this provides a framework for the identification of approaches taken by physical geographers in sustainability research ( Figure 1 ). It is clear that physical geographers do much more than establish baselines, monitor change, and contextualize, as a previous study has postulated [8] .
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All of the papers were identified as falling into one or more of the eight themes recognized in a previous study of textbook definitions of physical geography definitions. The analytical framework, therefore appears to be successful. Each of the eight themes of physical geography is represented in the analysis, and this provides a framework for the identification of approaches taken by physical geographers in sustainability research ( Figure 1 ). It is clear that physical geographers do much more than establish baselines, monitor change, and contextualize, as a previous study has postulated [8] . The results show that physical geographers are active in sustainability research in terms of a spatial perspective of the Earth, an understanding of human interactions with the environment, and an ability to recognize, interpret, and project environmental change and its impacts. The depth of this understanding is facilitated by physical geographers' understanding of the natural world, process and system concepts, the ways that systems interact, and a willingness to deploy a wide range of methodologies to secure that knowledge. Although the role of physical geography in sustainability research primarily involves environmental sustainability, much of the work on hazards, water The results show that physical geographers are active in sustainability research in terms of a spatial perspective of the Earth, an understanding of human interactions with the environment, and an ability to recognize, interpret, and project environmental change and its impacts. The depth of this understanding is facilitated by physical geographers' understanding of the natural world, process and system concepts, the ways that systems interact, and a willingness to deploy a wide range of methodologies to secure that knowledge. Although the role of physical geography in sustainability research primarily involves environmental sustainability, much of the work on hazards, water resources, and urban and agricultural environments touches on cultural, social, and economic well-being. Methodological innovations, such as applications of critical theory and participatory action research, also involve cultural and social sustainability.
The spatial perspective is critical. A use of remote sensing and spatial analysis is informed by an understanding of scale issues and spatial contextualization. Physical geographers' understanding of human interactions with the environment involves both human-induced change and environmental impacts on people. The separation of these two aspects of human interaction is sometimes difficult. Urban and agricultural environments have substantially modified Earth's natural environment and are also the home of people and, consequently, it is difficult to separate cause-and-effect in these contexts.
Physical geographers also contribute to the monitoring of environmental change. Sometimes, investigations are in response to government policy (e.g., [53, 65] ), but most studies are ad-hoc approaches that explore the mechanisms of change and the complex ways that systems interact and respond. Physical geographers are adept at the attribution of change in dynamic and complex environmental systems that include both natural and anthropogenic processes. They understand the importance of stationarity as a statistical assumption and can provide the context that takes snapshots in time and place and makes them meaningful. Physical geographers combine an understanding of current change and system process to project change into the future under various scenarios. A focus on impacts of future change on people makes studies of this kind of value for sustainability.
Although physical geography is sometimes informally defined as the study of the natural world, and field studies of the natural world have historically formed a major part of the subject, it appears from the papers examined in Section 3.7 of this paper that physical geographers undertake relatively little original research on the natural world explicitly from a sustainability perspective. Despite the assertion that physical geographers support sustainability by the establishment of baselines [8] , this study provides little direct evidence that this is the case. However, the large body of work on human impacts implicitly relies on physical geographers' profound understanding of the ways that the Earth works without humans. This depth of knowledge is an important component of the physical geographers' toolbox.
The physical geographers' toolbox is large. As a community, they deploy a wide range of intellectual and technical skills, although no individual researcher will be competent in everything. The toolbox is primarily based on field skills, laboratory analysis, spatial and aspatial modeling, remote sensing, spatial analysis, and knowledge of Earth's systems and the ways that they vary over space and time.
The findings published here may have limited applicability. At best, it is a snapshot of papers published in broad-based physical geography journals over a 10-year period. Many physical geographers publish their work in specialized journals [110] and/or in languages other than English [111] . It would be worthwhile to examine more specialized work by geographers published in journals such as Water Resources Research, Earth Surface Processes, and Geomorphology in order to further test the findings. The challenge would be to identify those researchers whose background is primarily physical geography. It would also be worthwhile to investigate the broader applicability of the findings by focussing on a specific country, such as China [112] , and also to investigate changes in approach over time.
Conclusions
(1) The study shows that physical geographers are actively involved in sustainability research challenges relating to climate change, loss of biodiversity, water resources, pollution, land degradation, food security, and the enhancement and preservation of local knowledge.
(2) Physical geographers have an ability to think spatially and produce integrated and detailed explanations of diverse phenomena over a range of timescales. They have an ability to generate answers to very complex questions, which is an important component of the quest for survival of Earth's populations. (3) Physical geographers recognize the uniqueness of places and the importance of geographic scale in research. They are experts in the use of remote sensing and in field work, not just in natural environments, but also in urban and agricultural environments. They are interested in water resource sustainability and in the effects of natural hazards on people. Physical geographers are not just interested in systems and processes, they are also interested in the interaction of different types of natural systems and human interactions with these systems. They study environmental change at multiple time-scales in the Quaternary. Physical geographers usually work within a framework of scientific analysis, although some researchers challenge the assumptions and limitations of science. (4) Physical geographers cannot claim a monopoly on environmental sustainability expertise.
However, any multidisciplinary research team that does not include physical geographers faces the risk of potentially producing shallow, overgeneralized, simplistic explanations of what they are trying to study. In these ways, physical geographers add value to sustainability research projects.
